Most studies of cortisol-induced cognitive impairments have focused on hippocampal-dependent memory. This study investigates a different aspect of cognition in a randomized placebocontrolled experiment with monkeys that were treated with cortisol according to a protocol that simulates a prolonged stress response. Young adult and older adult monkeys were assigned randomly to placebo or chronic treatment with cortisol in a 2 ϫ 2 factorial design (n ϭ 8 monkeys per condition). Inhibitory control of behavior was assessed with a test shown previously in primates to reflect prefrontal cortical dysfunction. Failure to inhibit a specific goal-directed response was evident more often in older adults. Treatment with cortisol increased this propensity in both older and young adult monkeys. Age-related differences in response inhibition were consistent across blocks of repeated test trials, but the treatment effects were clearly expressed only after prolonged exposure to cortisol. Aspects of performance that did not require inhibition were not altered by age or treatment with cortisol, which concurs with effects on response inhibition rather than nonspecific changes in behavior. These findings lend support to related reports that cortisol-induced disruptions in prefrontal dopamine neurotransmission may contribute to deficits in response inhibition and play a role in cognitive impairments associated with endogenous hypercortisolism in humans.
Most studies of cortisol-induced cognitive impairments have focused on hippocampal-dependent memory. This study investigates a different aspect of cognition in a randomized placebocontrolled experiment with monkeys that were treated with cortisol according to a protocol that simulates a prolonged stress response. Young adult and older adult monkeys were assigned randomly to placebo or chronic treatment with cortisol in a 2 ϫ 2 factorial design (n ϭ 8 monkeys per condition). Inhibitory control of behavior was assessed with a test shown previously in primates to reflect prefrontal cortical dysfunction. Failure to inhibit a specific goal-directed response was evident more often in older adults. Treatment with cortisol increased this propensity in both older and young adult monkeys. Age-related differences in response inhibition were consistent across blocks of repeated test trials, but the treatment effects were clearly expressed only after prolonged exposure to cortisol. Aspects of performance that did not require inhibition were not altered by age or treatment with cortisol, which concurs with effects on response inhibition rather than nonspecific changes in behavior. These findings lend support to related reports that cortisol-induced disruptions in prefrontal dopamine neurotransmission may contribute to deficits in response inhibition and play a role in cognitive impairments associated with endogenous hypercortisolism in humans.
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Research on cortisol-induced cognitive impairments has focused primarily on the hippocampus where cortisol binds with different affinities to mineralocorticoid and glucocorticoid receptors (McEwen and Sapolsky, 1995; de Kloet et al., 1999; Newcomer et al., 1999 ). Here we address a different aspect of cognition using a test shown previously in primates to reflect prefrontal cortical dysfunction (Diamond, 1990; Taylor et al., 1990c; Dias et al., 1996; Jentsch et al., 1999) . A clear Plexiglas box with one open side is baited with a favorite food treat. When the box opening is oriented straight toward the test subject, food retrieval is achieved by line-of-sight reaching into the center of the box. When the box is rotated 90°so the opening is oriented toward either side, inhibition of line-ofsight reaching is required to retrieve food from the clear baited box. Reaches aimed straight toward the center of the box when the opening is oriented toward either side are scored as line-of-sight response inhibition errors, which seldom occur when tests are conducted with a baited opaque Plexiglas box (Diamond, 1990; Taylor et al., 1990c) .
Inhibitory control of the line-of-sight response improves gradually with frontal lobe maturation in primates tested with a baited clear box (Diamond, 1990) . In addition to line-of-sight response inhibition errors, awkward retrievals with the hand contralateral to the box opening are common in human infants and infant monkeys (Diamond, 1990) . Deficits expressed early in development are reproduced in marmosets and rhesus monkeys by structural lesions in the adult prefrontal cortex (Diamond et al., 1989; Diamond, 1990; Dias et al., 1996) . Identical line-of-sight response inhibition deficits are produced in adult vervet monkeys by treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Taylor et al., 1990a,b,c) , a neurotoxin that depletes dopamine in the substantia nigra and frontostriatal circuitry (Di Paolo et al., 1986; Elsworth et al., 1987; Slovin et al., 1999) . Impaired inhibition of line-of-sight reaching is also produced in adult vervet monkeys treated repeatedly with phencyclidine, which selectively decreases dopamine use in the prefrontal cortex (Jentsch et al., 1997 (Jentsch et al., , 1999 . Inhibitory control of behavior is restored by clozapine-induced increases in prefrontal dopamine use in monkeys treated previously with phencyclidine (Jentsch et al., 1997) . That diminished dopamine use mirrors the effect of direct structural damage to the prefrontal cortex is consistent with studies of spatial delayed working memory but not other prefrontal-dependent tasks (Brozoski et al., 1979; Roberts et al., 1994; Collins et al., 1998) .
Cortisol-induced changes in response inhibition are examined in this study of young and older adult squirrel monkeys tested on the line-of-sight reaching response task with a baited clear Plexiglas box. All monkeys were trained for 10 consecutive days with the box opening oriented straight to reinforce the line-of-sight reaching response. The orientation of the box was then varied systematically with straight-facing trials interspersed among trials conducted with the box opening oriented toward either side.
MATERIALS AND METHODS
A total of 32 female squirrel monkeys (Saimiri sciureus) of Guyanese origin that were born and raised at the Stanford University Primate Facility served as subjects. Sixteen monkeys were young adults with a median age of 3 years (range, 27-44 months). The other 16 monkeys were older adults with a median age of 12 years (range, 116 -171 months). Squirrel monkeys achieve sexual maturity at 2.5-3.5 years, and their life span is ϳ21 years (Brady, 2000) .
Monkeys were housed and tested individually in wire-mesh cages (60 ϫ 60 ϫ 90 cm) that allowed visual, auditory, olfactory, and limited tactile contact between adjacent animals. C ages were located in a climatecontrolled room on a 12:12 hr light /dark cycle. All procedures were conducted in accordance with and as required by the Animal Welfare Act and approved by Stanford University's Administrative Panel on Laboratory Animal C are.
Training and test procedures. The apparatus used for training and testing was a clear Plexiglas box (8 ϫ 8 ϫ 8 cm) with one open side baited with a marshmallow treat. The box was locked into place on a 12 ϫ 50 cm horizontal tray secured to a tripod placed in front of each monkey's cage. Initially, all monkeys were administered 10 training trials per day for 10 consecutive days with the box opening always oriented straight. Thereafter, monkeys were administered 10 test trials per day for 21 consecutive days with the orientation of the box opening varied systematically (Fig. 1) . On each day of testing, the box opening was oriented straight on the 1st, 4th, 7th, and 10th trials. For the 2nd, 5th, and 8th daily trials, the box was rotated 90°so the opening was oriented toward the left. For the 3rd, 6th, and 9th daily trials, the box was rotated 90°so the opening was oriented toward the right.
Each trial lasted 30 sec or was terminated as soon as the marshmallow was retrieved. During the ensuing 30 sec intertrial interval, the experimenter removed the box from the tray, rebaited the box for the subsequent trial, and recorded the direction of each reach attempt and the hand used on successf ul retrievals. After completion of the daily test trials, monkeys were fed unrestricted amounts of commercial monkey chow with fresh fruit supplements. The following morning 4 hr before testing, all uneaten food was removed. Each monkey was tested at the same time of day between 14:00 and 17:00 hr.
Treatment conditions. Eight young and 8 older adult monkeys were assigned randomly to each of two treatment conditions in a 2 ϫ 2 factorial design. In one condition, cortisol hemisuccinate (Steraloids, Newport, RI) was dissolved in water (420 mg / l) flavored with red cherry juice and provided to the monkeys as their sole source of water in standard drinking bottles. In the placebo condition, monkeys were provisioned in an identical manner with red-dyed drinking water. Placebo and cortisol treatment conditions were initiated 7 d before the 21 d test phase of the study and were maintained continuously for the duration of the experiment. In a pilot study we determined that amounts of cortisol consumed by the use of this protocol result in plasma levels of cortisol and adrenocorticotropic hormone (AC TH) that approximate a previously described chronic stress response (Lyons et al., 1995 (Lyons et al., , 1999 . Because drinking water is consumed during active daylight hours, this mode of administration preserves normal circadian rhythms and eliminates the need for repeated injections that can disrupt performance on tests of behavior.
Cortisol consumption was monitored in blood samples (0.8 ml) obtained from manually restrained monkeys by femoral venipuncture for determinations of cortisol and AC TH using previously described procedures (Lyons et al., 1995 (Lyons et al., , 1999 . Each monkey was sampled 10 min after completion of the 10 daily trials 6, 8, 10, 18, and 28 d after initiation of the cortisol treatment protocol. Most samples (70%) were collected within 2 min of cage entry (median latency to sample collection ϭ 105 sec; range, 33-406 sec), and all but six samples (Ͻ4%) were collected within 4 min. Plasma levels of squirrel monkey cortisol and AC TH measured within these time limits by the use of these procedures do not reflect stressf ul sampling effects (Lyons et al., 1995 (Lyons et al., , 1999 .
Data anal ysis. Behavioral data were analyzed with repeated-measures ANOVA. The box-opening orientation was considered a within-subjects factor, whereas age and treatment were considered between-subjects factors. Similar ANOVAs were used to analyze plasma levels of cortisol and AC TH.
For straight-facing test trials, a standard index of manual laterality was derived by subtracting the number of left-hand retrievals from the number of right-hand retrievals and dividing the difference by the total number of retrievals (Westergaard et al., 1998) . This index quantifies manual laterality along a continuum from strongly left-handed (negative scores) to strongly right-handed (positive scores), with zero indicating the absence of a lateral bias. Each monkey's manual laterality score was considered statistically significant ( p Ͻ 0.01) when the binomial z-score-transformed value exceeded 2.54, as described elsewhere in greater detail (Milliken et al., 1991) .
To estimate the independent contributions of age, cortisol treatment, and manual laterality effects on the propensity to inhibit line-of-sight reaching, an ordered series of linear least squares regression equations was analyzed by the use of the hierarchical approach (Cohen and Cohen, 1983) . This regression analysis and the ANOVAs described above were performed with the MGL H module in Systat (Evanston, IL). All test statistics were evaluated with two-tailed probabilities, and descriptive statistics are presented as the mean Ϯ SEM.
RESULTS
All monkeys retrieved the marshmallow treat with their first reach attempt on each of the training trials administered with the box opening oriented straight. When subsequent straight-facing test trials were interspersed among trials administered with the box opening oriented toward either side, the marshmallow treat was also retrieved but often after reaches that failed to result in the immediate recovery of the food. On average, each monkey made 26 Ϯ 6 reach attempt errors (mean Ϯ SEM) on test trials administered with the box opening oriented straight. Twice as many errors (56 Ϯ 4) were made by each monkey when the opening was oriented toward the left or right [F (1,31) 
Errors with the box opening oriented straight
Most test trials administered with the box opening oriented straight (75%) were preceded immediately by a trial conducted with the opening oriented toward the right (Fig. 1) . Despite this regularity, monkeys did not exhibit a tendency to repeat the previously correct response; 47 Ϯ 5% of all errors were toward the left, and 42 Ϯ 5% of all errors were toward the right. A small percentage of errors were reach attempts directed toward the top of the box (2 Ϯ 1%) or were handling errors performed inside the box that failed to result in the recovery of food (9 Ϯ 2%). Age-and cortisol treatment-related differences were not statistically significant for any of these errors committed on test trials with the box opening oriented straight.
Errors with the box opening oriented left or right
Each test trial administered with the box opening oriented left was preceded immediately by a trial conducted with the opening oriented straight (Fig. 1) . In a similar manner, each trial administered with the box opening oriented right was preceded immediately by a trial conducted with the opening oriented toward the left. Despite these regularities in the orientation of the opening, most errors consisted of line-of-sight reaches directed straight toward the box. When the box opening was oriented left, 36 Ϯ 3% of all errors were directed toward the right, whereas 55 Ϯ 3% of all errors were line-of-sight reaches directed straight toward the box [F (1,28) ϭ 16.7; p Ͻ 0.001]. Identical outcomes were evident when the box opening was oriented right; 37 Ϯ 3% of all errors were directed toward the left, whereas 55 Ϯ 3% of all errors were line-of-sight reaches directed straight toward the box [F (1,28) ϭ 17.3; p Ͻ 0.001].
Both age and the cortisol treatment influenced performance on trials conducted with the opening oriented toward either side. Line-of-sight response inhibition errors directed straight toward the box were performed most often by the older adults. Treatment with cortisol increased response inhibition errors in both the older and young adult monkeys (Fig. 2 ). Significant main effects for age [F (1,28) ϭ 8.18; p Ͻ 0.01] and treatment [F (1,28) ϭ 5.48; p Ͻ 0.05] were discerned in the age ( young vs older) ϫ treatment (cortisol vs placebo) ϫ box opening (left vs right) ANOVA. The box orientation main effect and all four interaction terms in this analysis were not statistically significant.
Response inhibition errors directed straight toward the box when the opening was oriented toward either side were grouped into 7 d blocks of repeated trials and analyzed for changes over time (Fig.  3) 
Individual differences in manual laterality
Reach attempt errors performed within a given trial preceded the retrieval of food. Nearly all retrievals were performed with the hand ipsilateral to the box opening on left-and right-oriented test trials. The so-called awkward retrieval was performed with the contralateral hand Ͻ4% of the time. Age-and cortisol treatmentrelated differences were not significant for awkward retrievals performed using the contralateral hand.
Individual differences in manual laterality were discerned on trials conducted with the box opening oriented straight. During the series of 100 training trials, 16 monkeys demonstrated a significant left-hand bias ( p Ͻ 0.01), 13 monkeys demonstrated a significant right-hand bias ( p Ͻ 0.01), and 3 monkeys were scored as ambidextrous. Individual differences in manual laterality during training predicted subsequent differences in manual laterality scored on the 84 straight-facing test trials (intraclass correlation ϭ 0.91; p Ͻ 0.001).
Manual laterality and response inhibition
Reliable differences in manual laterality predicted differences in the propensity to inhibit, when required, the line-of-sight reaching response. Significantly fewer line-of-sight response inhibition errors were performed by monkeys with a left-hand bias, regardless of whether the box opening was oriented toward the left or right (Fig.  4) . A significant manual laterality main effect [F (2,29) ϭ 4.04; p Ͻ 0.03] was discerned by ANOVA, but the box-opening orientation main effect and manual laterality ϫ box-opening interaction failed to achieve statistical significance.
The relationship between response inhibition and laterality was not caused by spurious age or treatment effects as indicated by hierarchical regression analysis. With age entered first in the linear least squares equation, the difference between young and older adults explained 17% of the variance in response inhibition errors made with the box opening oriented toward either side [F (1,30) 
Neuroendocrine assessments
Chronic treatment with cortisol in drinking water resulted in stresslike increases in plasma cortisol levels and reductions in plasma levels of ACTH. Mean cortisol levels in the cortisol-treated monkeys were significantly greater than those in the placebo controls [437 Ϯ 41 vs 144 Ϯ 17 g/dl; F (1,28) ϭ 49.8; p Ͻ 0.001]. The converse was evident for ACTH [10 Ϯ 2 vs 52 Ϯ 8 pg/ml; F (1,28) ϭ 23.2; p Ͻ 0.001]. Age-related main effects and age ϫ cortisol treatment interactions were not statistically significant.
DISCUSSION
Stress-level cortisol treatment impaired response inhibition at a level less severe than that reported previously for prefrontal lesions (Diamond et al., 1989; Diamond, 1990; Dias et al., 1996) and diminished prefrontal dopamine use in monkeys treated repeatedly Figure 3 . Results from repeated measures ANOVA showed that agerelated differences in response inhibition errors were consistent across 7 d blocks of repeated trials (a; n ϭ 16 monkeys per age group), whereas treatment effects were clearly expressed only after prolonged exposure to cortisol (b; n ϭ 16 monkeys per treatment). with phencyclidine (Jentsch et al., 1997 (Jentsch et al., , 1999 . Failure to inhibit line-of-sight reaching was evident more often in older squirrel monkey adults. Treatment with cortisol increased this propensity in both older and young adult monkeys. Age-related differences in response inhibition were consistent across blocks of repeated test trials, but the treatment effects were clearly expressed only after prolonged exposure to cortisol. Aspects of performance that did not require inhibition were not altered by age or treatment with cortisol, which concurs with effects on response inhibition rather than nonspecific changes in behavior.
Most studies of cortisol-induced cognitive impairments in humans have focused on hippocampal-dependent memory. Four days of placebo-controlled stress-level cortisol administered to healthy humans impairs hippocampal-dependent memory (Newcomer et al., 1999) , as does stress-induced increases in endogenous cortisol levels (Kirschbaum et al., 1996; Lupien et al., 1997) and elevated cortisol at baseline (Lupien et al., 1998) . Endogenous hypercortisolism has been associated with hippocampal atrophy and deficits in declarative memory in patients with Cushing's syndrome, dementia of the Alzheimer type, schizophrenia, and major depression (de Leon et al., 1988; O'Brien et al., 1996; Nelson et al., 1998; Newcomer et al., 1998; Sheline et al., 1999; Starkman et al., 1999) .
Our findings reflect a different aspect of cognition because surgical ablations that impair hippocampal-dependent memory spare inhibition in monkeys assessed on the line-of-sight reaching response test (Diamond et al., 1989) . Chronic treatment with hydrocortisone in healthy young men also produces spatial workingmemory deficits that resemble those seen in surgical patients after frontal lobe excisions, but not temporal lobe excisions or amygdalohippocampectomies (Young et al., 1999) . Another study reported in healthy young men that prefrontal-dependent item-recognition working memory is impaired by acute high-dose hydrocortisone infusions administered shortly before and during cognitive testing (Lupien et al., 1999) . Continuous treatment with cortisol in squirrel monkeys did not immediately influence response inhibition, but prefrontal-dependent inhibitory deficits in monkeys emerged over repeated test trials.
As demonstrated previously in vervet monkey research (Taylor et al., 1990b) , response inhibition errors directed straight toward the box when the opening was oriented toward either side decreased over repeated test trials. Consistent age-related differences in response inhibition errors were evident in squirrel monkeys across blocks of repeated trials, but cortisol treatment effects on response inhibition were confined to the last block of trials. Daily treatments of corticosterone likewise diminish inhibitory control of goal-directed routines in studies conducted with rodents (Hennessy et al., 1973; Micco et al., 1979) . But while learning to perform these simple routines, rats treated daily with corticosterone did not differ significantly from placebo controls (Hennessy et al., 1973) .
Impaired response inhibition occurs regularly in older animals (Bartus et al., 1979; Means and Holsten, 1992; Milgram et al., 1994) and is linked in older humans to age-related atrophy in prefrontal volumes assessed in vivo by magnetic resonance imaging (Raz et al., 1998; Kim et al., 1999) . Research on normal aging has not consistently established a loss of neurons in primate prefrontal cortex (Peters, 1993) , but other age-related changes are known to occur. These include a reduction in cerebral white matter volumes (Peters et al., 1996) , breakdown in the integrity of myelin around axons (Peters et al., 2000) , diminished synaptic densities in prefrontal cortex (Peters et al., 1998) , and a decline in prefrontal dopamine levels (Goldman-Rakic and Brown, 1981; Wenk et al., 1989) .
Recent evidence suggests that prefrontal cognitive deficits may arise from disruptions in forebrain dopamine neurotransmission induced by excessive exposure to cortisol. Glucocorticoid receptors bind cortisol in dopamine cell bodies (Harfstrand et al., 1986) and primate prefrontal cortex (Sanchez et al., 2000) . Cortisol-induced disruptions in dopamine neurochemistry have not yet been examined in primates, but treatment with corticosterone or its removal by adrenalectomy alters forebrain dopamine physiology in rodents. Both increased and diminished dopamine levels have been found after treatment with corticosterone in rats Piazza et al., 1996; Lindley et al., 1999) . These outcomes may reflect glucocorticoid regulation of dopamine release Piazza et al., 1996) , extrasynaptic reuptake (Grundemann et al., 1998) , or changes in dopamine metabolism .
Either excessive or insufficient dopamine neurotransmission can impair prefrontal cognitive functions. Depletion of dopamine in prefrontal cortex (Brozoski et al., 1979; Collins et al., 1998) and acute noise stress-induced increases in prefrontal dopamine release (Arnsten and Goldman-Rakic, 1998 ) each produce similar deficits in monkeys assessed on delayed spatial working-memory tests. An inverted U-shaped relationship is also evident in rodents. Depletion of dopamine in rat prefrontal cortex (Simon et al., 1980; Bubser and Schmidt, 1990) and supranormal stimulation of prefrontal dopamine D1 receptors (Zahrt et al., 1997 ) both disrupt cognitive performance on delayed spatial alternation tests. Intracellular recordings from rodent prefrontal cortical slices are consistent with the possibility that these cognitive deficits arise from dopamine modulation of signal transfer to the soma from the dendritic tree (Zahrt et al., 1997; Birnbaum et al., 1999) .
Among humans with stress-related psychiatric disorders, those with psychotic depression present most consistently with evidence of endogenous hypercortisolism (Evans et al., 1983; Nelson and Davis, 1997) and are impaired on tests of prefrontal-dependent functions including attention and response inhibition (Jeste et al., 1996; Kim et al., 1999; Schatzberg et al., 2000) . More recently a study of Cushing's syndrome indicates that prolonged exposure to elevated cortisol disrupts selective attention, response inhibition, and performance on prefrontal-dependent tasks (Forget et al., 2000) . On the basis of these findings in humans and animals, we now are investigating prefrontal cognitive functions before and after the administration of a steroid antagonist in humans with psychotic depression.
A final aspect of this study that warrants comment concerns line-of-sight reaching and manual laterality. Squirrel monkeys that presented with a left-or right-hand bias were nearly equally common in the sample we examined. This finding is consistent with 26 other primate species that all fail to exhibit a population-level lateral bias for simple retrieval behavior (Fagot and Vauclair, 1991) . Far less is known about manual laterality and cognitive processing in primates. Reach attempt errors directed straight toward the box when the opening was oriented toward either side were made less often by squirrel monkeys in this study that presented with a left-hand bias. Left-hand (right cerebral hemisphere) superiority for tactile-spatial cognitive processing has been demonstrated previously in primates (Brizzolara et al., 1982; Horster and Ettlinger, 1985; Parr et al., 1997) . Right hemispheric dominance for response inhibition has also been identified by eventrelated functional magnetic resonance imaging in healthy humans tested on go/no-go tasks using either hand (Konishi et al., 1998; Garavan et al., 1999) . Right hemispheric dominance for response inhibition and lateral differences in spatial cognitive processing may account for the left-hand superiority in squirrel monkeys assessed on the line-of-sight reaching response test. Neuroimaging research with monkeys and apes may shed light on these aspects of cerebral lateralization and their role in prefrontal-dependent functions.
